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Abstract—Temperature control in the industrial use of
phosphate ensures chemical stability, which affects prod-
uct quality and process efficiency. This study introduces
a novel approach employing a microwave sensor with
a double-hexagonal complementary split-ring resonator
(DH-CSSR) for real-time control and monitoring of indus-
trial phosphate powders, focusing on temperature-induced
variations. Operating within the 0.1–4-GHz frequency range,
the sensor detects shifts in the resonance frequency of
the S-parameters, which are indicative of alterations in the
dielectric properties of the phosphate powder as a func-
tion of temperature variations. A comparative evaluation
with simulated outcomes, incorporating permittivity values
ascertained through a coaxial probe at diverse temperatures,
establishes a robust congruence between experimental and
simulated datasets. Root mean square error (RMSE) values of
0.44, 2.2, and 3.28 for the first, second, and third resonances, respectively, underscore the sensor’s precision in mirroring
the actual conditions of phosphate powder encountered during storage and transportation. Such accuracy underscores
the sensor’s potential in accurately representing real-world conditions of phosphate powder, thus facilitating the
optimization of crop yield through enhanced management of phosphate powder characteristics.

Index Terms— Dielectric properties, microwave sensor, phosphate powder, storage, transportation.

I. INTRODUCTION

W ITH continuous expansion in global industries, the
demand for superior phosphate is intensifying, under-

lining their indispensable role in various manufacturing
processes. Phosphate, essential for a range of industrial
applications from detergents to food additives and water
treatment, is central to the efficiency and sustainability of
these industries. Given the diverse applications of phosphate,
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ensuring its purity and quality is paramount, not only for
the operational success of industries but also for environ-
mental conservation and public health [1], [2]. The global
phosphate market, valued at approximately 68 billion dollars
in 2021, is projected to grow significantly due to increas-
ing demands in the agriculture, food processing, and water
treatment sectors. However, this growth is coupled with chal-
lenges, including the sustainable and responsible sourcing of
phosphate, minimizing environmental impact, and adhering
to stringent regulatory standards. For instance, the industrial
sector’s reliance on phosphate necessitates rigorous quality
control measures to prevent contamination that could lead to
significant ecological and health issues, such as eutrophication
of water bodies and adverse health effects from contaminated
products [3], [4].

Real-time monitoring of phosphate quality is crucial in
industrial settings, where the precision of phosphate composi-
tion directly influences process efficiency, product durability,
and environmental compliance. Industries such as metal
treatment, ceramics, and electronics depend on the con-
sistent quality of phosphate for optimal results. Variations
in phosphate quality due to improper handling, storage,
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or chemical changes can affect the effectiveness of processes
such as metal coatings and ceramic manufacturing, leading to
increased waste, rework, and potential environmental hazards.
Implementing advanced real-time monitoring systems enables
industries to make immediate adjustments, ensuring consistent
product quality, reducing ecological impact, and adhering to
strict environmental regulations, thus underscoring the impor-
tance of such technologies in modern industrial practices [5],
[6].

The quality control of soil and phosphate powder often
relies on advanced analytical techniques such as near-infrared
spectroscopy (NIR), chromatography, and X-ray fluorescence
(XRF) analysis due to their high precision and accuracy.
NIR spectroscopy is based on measuring the amount of light
absorbed and reflected by an analyzed substance or mate-
rial across a broad range of wavelengths (typically between
800 and 2500 nm) that enable it to obtain its chemical compo-
sition. Chromatography, on the other hand, separates complex
mixtures into their individual components. In contrast, XRF
analysis is a rapid approach to determining the elemental
composition of materials such as soil. This technique does
not require any preanalysis acid digestion techniques that are
typically used in laboratory procedures, making it a valuable
screening tool for soil analysis. It can provide an accurate and
complete analysis of the elemental composition of a sample,
making it useful for monitoring soil and phosphate powder
quality and identifying any potential contaminants. However,
these methods offer effective means for controlling soil and
phosphate quality, demanding skilled personnel, advanced
laboratory infrastructure, intricate solution preparation, costly
equipment, and the utilization of carcinogenic substances.
Hence, it is crucial to develop new techniques that are
affordable, offer rapid measurement capabilities, and utilize
portable instruments for monitoring and managing phosphate
quality [7], [8], [9].

Microwave sensor application offers a viable alternative to
address the shortcomings of conventional analytical method-
ologies. Zhu and Huang [10] offer an extensive analysis
of coaxial cable sensing methods, emphasizing their uses
in nondestructive, real-time testing and measuring settings.
By utilizing the special interactions that exist between
microwaves and materials, this technique evaluates dielectric
properties, which are connected with the chemical composi-
tion and quality metrics of the materials. Similarly, Jonathan
Muñoz-Enano et al. [11] investigate the advancement and
possibilities of planar microwave resonant sensors, empha-
sizing their accuracy and potential integration into portable
electronics. These sensors offer several advantages, including
rapid measurement times, reduced need for sample prepara-
tion, and the potential for on-site analysis without the necessity
for extensive safety measures or highly skilled operators,
expanding the utility of microwave sensors beyond mere indus-
trial applications [12], [13]. These technologies have proven
to be invaluable across a spectrum of fields, demonstrating
significant outcomes in the medical sector by identifying
tumors [14], [15], ensuring the quality and temperature control
of pharmaceuticals [16], and monitoring glucose levels [17],
[18]. Moreover, RF and microwave sensors have been utilized

in chemical [19], [20] and biological processes [21], show-
casing their adaptability and versatility. Specifically, they have
been used for real-time measurement in humidity sensing [22],
detecting moisture and Fe particles in oil [23], and monitoring
swelling phenomena caused by a dynamic range of target gas
molecules [24].

With such diverse applications, including agricultural moni-
toring and information provision, these sensors are well-suited
for characterizing and monitoring the quality of phosphate
powder. Microwave sensors have demonstrated the potential
to monitor nitrate and phosphate concentration [25], [26]. It is
worth mentioning that changes in temperature can affect the
dielectric properties of phosphate powder [15].

The novelty of this work lies in our unique approach to
analyzing the effects of temperature on phosphate samples.
Specifically, we focus on the permanent changes in the phos-
phate’s properties induced by heating. To the best of our
knowledge, up until now, there is no published paper in
the literature that explores this issue. The study utilizes a
microwave sensor as a key tool to assess the properties of
phosphate powder while subjecting it to varying temperature
conditions. The article is organized as follows. Section I
outlines the configuration of the proposed filter-based sensor
and measurement of the permittivity (both real and imaginary
parts) of the phosphate powder at varying temperature values
by using the coaxial probe technique. Subsequently, these
measured data representing the phosphate powder permittivity
were implemented into the simulation software. This step helps
us to perform numerical simulations using a high-frequency
structure simulator (HFSS) and explore the effect of the tem-
perature on the phosphate powder. The experimental results
of the sensor are then elucidated and discussed in Section III.
Finally, Section IV presents preliminary conclusions.

II. MATERIALS AND METHODS

A. Sensor Design and Methodology
A small-sized microwave filter-based sensor has been devel-

oped to examine temperature-induced changes in phosphate
powder, mainly by evaluating permittivity fluctuations. The
core detecting area of the sensor is a circular patch con-
taining double-hexagonal complementary split-ring resonators
(DH-CSRRs). The hexagonal shape was selected to benefit
from the longer sides, which boosts electromagnetic field
interaction and improves sensitivity. Moreover, the hexagonal
arrangement offers an advantage over the circular form by
concentrating the field lines in a smaller region, enhancing
the interaction between the sensor and the material under test
(MUT). The patch is placed between two 50-� transmission
lines with a width of 2.44 mm and printed on a Rogers
5880 substrate, which has a dielectric permittivity of 2.2, a loss
tangent of 0.0009, and a thickness of 0.787 mm. The overall
dimensions of the structure are 100 × 100 mm2. The detailed
parameters of the DH-CSRR are provided in millimeters and
are presented in Fig. 1(a). A plexiglass holder with dimensions
of 30 × 30 mm and a thickness of 3 mm is used to position
the sample. The holder has a cavity that secures the sample in
direct contact with the top of the sensor over the sensing area,
as shown in Fig. 1(b). The sensor and its plexiglass holder
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Fig. 1. (a) Top view of the sensor with hexagonal CSRR geometry and
dimensions in millimeters. (b) 3-D view of the sensor setup, showing
the holder, substrate, ground plane, and ports (Ports 1 and 2), with the
sensing zone highlighted.

are fabricated using a high-quality computer numerical control
(CNC) milling process. This design facilitates the convenient
placement of the phosphate sample in the sensing zone, which
is crucial for effective interaction between the sample and
the electric fields, leading to accurate readings and improved
sensitivity in measuring the sample’s dielectric properties.

Up until now, the complementary split-ring resonator
(CSRR) remains the main element for developing numerous
metamaterial microwave circuits owing to its subwavelength
dimensions at the quasistatic resonant frequency. This feature
helps to design compact microwave devices such as antennas,
filters, and sensors [27]. The SRR resonator is generally placed
on the upper side of the sensor sandwiched between two
microstrip lines. The CSRR is excited by the current in the
microstrip line that can flow in the outer ring. A magnetic
field can then be induced by the excitation of the displacement
currents in the CSRR and, hence, the apparition of a magnetic
resonance. It is important to note that CSRR is widely known
for its simultaneous magnetoelectric response [28]. When a
MUT is placed directly over or in close proximity to the
complementary split-ring resonator (CSRR), it induces a dis-
turbance in the electromagnetic field distribution surrounding
the resonator, leading to a variation in the resonant frequency.
This perturbation in electromagnetic energy is intricately
linked to the dielectric constant of the MUT, as captured by (1)
derived from the perturbation theory [29]

1 fr

fr
=

∫
� (1εE1.E0 + 1µH1.H0) dv∫

�

(
ε0|E0|2 + µ0|H0|2

)
dv

(1)

where 1 fr is the shift in the resonant frequency ( fr )
attributable to the MUT. 1ε and 1µ reflect the changes in

Fig. 2. Comparative analysis of simulated and measured transmission
response of the sensor in free space.

permittivity and permeability, respectively, induced by the
MUT. The variable v represents the differential volume
element, with � indicating the comprehensive volume of
integration that spans the entire area affected by the electro-
magnetic fields. The fields E0 and H0 represent the electric
and magnetic distributions before the perturbation, serving as
a baseline for understanding the shifts caused by the MUT.
E1 and H1 are the perturbed field distributions. This equation
quantifies the relative change in the resonant frequency of the
sensor due to the introduction of the MUT by comparing the
perturbed and unperturbed electromagnetic field distributions
within the sensing volume.

In sensing applications, it is essential to optimize the
design and specifications of the planar transmission line
utilizing defective resonators to increase resonance strength
and successfully limit the resonating electrical or magnetic
fields inside the sensing area delineated by permittivity or
permeability. Indeed, the DH-CSRR structure in the proposed
sensor effectively confines the maximum electric field within
its slots and edges, enabling enhanced sensitivity to detect
even small variations in dielectric properties. Keeping the
phosphate sample within the sensing zone leads to an accurate
and improved sensitivity.

Fig. 2 presents the simulated and measured transmission
response (S21) across the frequency spectrum of the unloaded
sensor (free space response). It identifies three distinct resonant
frequencies at f1 = 0.404 GHz, f2 = 2.007 GHz, and f3 =

3.764 GHz for the first, second, and third resonances, respec-
tively. While the results generally show good correspondence
with the expected response, confirming the sensor’s functional
validity, some deviations between the simulation and measure-
ment are noted. These discrepancies can be ascribed to factors
such as variances in fabrication tolerances, inaccuracies in
assembly, and the dielectric properties of the substrate, which
can vary with frequency. Furthermore, the soldering of the
SMA connectors might also contribute to these discrepancies.

The sensor’s wide frequency range, spanning from
0.1 to 4 GHz, is a clear asset in our sensor design. This
feature is highly advantageous for material characterization
as it provides a wealth of valuable information. The snapshot
in Fig. 3 illustrates the magnetic and electric field distribution
characteristics of the resonator at its three resonances.
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Fig. 3. Comparative magnitude distribution of electric and magnetic
fields in a sensor across various frequencies.

The first resonance at 0.4 GHz and the third resonance
at 3.77 GHz are characterized by a notable concentration of
the magnetic field, contrasting with the second resonance at
2.01 GHz, which shows an increased concentration of the
electric field. Furthermore, the third resonance at 3.77 GHz is
distinguished by a higher field density, enhancing its sensitivity
relative to the first and second resonances.

B. Microwave Properties of Phosphate Powder
The temperature at which the phosphate is exposed sig-

nificantly influences its quality and attributes. As a result,
well-protected and healthy phosphate plays a vital role
in industrial quality control, promoting the production of
high-quality products and ensuring efficient processes. The
application of heat to phosphate can induce various changes,
both chemical and physical, which can significantly influence
their properties and performance. One notable aspect affected
by temperature is the dielectric constant, a property closely
related to the chemical changes that occur within the phosphate
during heating. It is well known that changes in temperature
during the heating process can effectively induce variations
in permittivity [30]. Therefore, we investigated the phosphate
powder complex permittivity, relying on a coaxial probe as a
reliable method to extract the complex dielectric constant [31].
The coaxial probe, which consists of a central conductor,
dielectric material, and outer conductor, is a well-established
tool widely utilized for assessing the electromagnetic proper-
ties of different substances over a large frequency range. In this
section, we extend our discussion beyond merely measuring
the permittivity of phosphate powder via the coaxial probe
method to include the influence of temperature fluctuations
on permittivity values.

By analyzing the reflection coefficients (0) obtained from
the probe, we can determine both the real (ε′) and imaginary
(ε′′) components of the phosphate’s complex dielectric con-
stant. This process is facilitated by the instrument’s software,
employing models such as the Nicholson–Ross–Weir (NRW)
method [32]. The complex permittivity of the material is
expressed as

ε (ω) = ε′
− iε′′ (2)

where ε′ represents the material’s capacity to store electrical
energy and −iε′′ accounts for the energy loss within the

material.

tan δ =
ε′′

ε′
. (3)

Equation (3) describes the material’s loss tangent, indicating
the ratio of the dissipated energy to the stored energy. This
metric is essential for understanding the efficiency of energy
storage within the material.

Furthermore, to accurately measure the dielectric prop-
erties, we must consider the impedance mismatch between
the material and the measurement probe. This mismatch is
characterized by the reflection coefficient, 0, which is defined
as

0 =
Z load − Z0

Z load + Z0
(4)

where Z load is the material’s impedance and Z0 is the probe’s
characteristic impedance. The impedance mismatch is cru-
cial for the software’s automatic calculation of ε′ and ε′′.
Utilizing such an approach not only highlights the precision
in characterizing dielectric properties but also underscores
the importance of considering environmental factors, such as
temperature, in our analysis. To ensure accurate measurements
of the relative permittivity and dielectric loss factor of the
phosphate sample, meticulous sample preparation and a rig-
orous calibration procedure were crucial. In the following,
we provide a detailed description of our methodology.

1. Sample Preparation: In our study, we began by preparing
a solid disk of phosphate from a 20-mg powder using a
Manual Hydraulic Pellet Press, as shown in Fig. 4(a). The
disk was meticulously crafted to have a thickness of 3 mm
and a radius of 20 mm, ensuring a suitable geometry
for the coaxial probe measurements. The main element
in the disk was phosphorus (P). To ensure uniformity
and consistency, we maintained a consistent weight and
applied pressure of 20 MPa during the pellet formation
process. This controlled preparation method guarantees
reproducibility of the results by minimizing variations in
the sample’s physical properties.

2. Calibration Procedure: To accurately evaluate the relative
permittivity and dielectric loss factor of the phosphate
sample, we conducted a calibration procedure using
known standards with well-defined electrical proper-
ties. We employed an open-ended slim probe (Keysight
N1501A-102) in conjunction with the PNA-L Net-
work Analyzer N5234B from Keysight Technologies,
as shown in Fig. 4(b), to perform reflection coefficient
measurements. This setup ensured high precision in the
measurements.

3. Measurement Process: Careful attention was given to
factors such as probe contact, stray capacitance, and
parasitic effects during the measurement process. The
reflection coefficient (S11)was measured over a specified
frequency range. Measurements were taken at six differ-
ent temperatures: 80 ◦C, 70 ◦C, 60 ◦C, 40 ◦C, 30 ◦C, and
24 ◦C. The temperature was controlled using a precision
temperature chamber to ensure accurate and consistent
conditions.
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Fig. 4. (a) Methodology for preparing solid phosphate disks from
powder using a manual hydraulic pellet press. (b) Configuration of the
coaxial probe measurement setup.

4. Data Analysis: The measured S11 parameters were ana-
lyzed using dielectric measurement software to extract
the real and imaginary parts of the permittivity. The
software accounted for the calibration standards to ensure
the accuracy and reliability of the extracted permittivity
values. By following these detailed steps, we ensured
accurate and reproducible measurements of the phosphate
sample’s relative permittivity and dielectric loss factor.

In order to maintain consistent operating conditions and
minimize the impact of environmental factors on the col-
lected measurements, the experiments were conducted at a
controlled room temperature of 24 ◦C ± 1 ◦C. In addition,
a holding mechanism was introduced beneath the phosphate
sample to ensure repeatability and consistent measurements
[see Fig. 4(b)]. The complex permittivity of the phosphate
sample was carefully measured at multiple temperatures dur-
ing the natural cooling process, starting from an initial heating
temperature of 80 ◦C and gradually reaching the ambient
room temperature of 24 ◦C. Achieving this involved recording
the complex permittivity values at five different temperatures
(70 ◦C, 60 ◦C, 40 ◦C, 30 ◦C, and 24 ◦C) throughout the natural
cooling process of 1 h, with measurements taken within the
frequency range of 0.5–6 GHz. The obtained results are pre-
sented in Fig. 5. It is evident from Fig. 5(a) that the real part
of the permittivity of the sample before heating demonstrates
a consistent behavior throughout the frequency spectrum. The
value remains relatively stable, ranging from 4.5 to 4.8. This
indicates that the material’s ability to store electric poten-
tial energy remains stable within the given frequency range,

Fig. 5. (a) Real part. (b) Imaginary part values of phosphate permittivity
at various temperatures.

while the imaginary part of the permittivity [see Fig. 5(b)]
starts at 0.2 and exhibits an increasing trend as the frequency
arises. It reaches a value of 0.8 at the higher end of the
frequency range. This behavior suggests that the material
exhibits a certain degree of energy dissipation or loss at higher
frequencies.

Fig. 5 also illustrates the complex permittivity of the sample
at different temperatures between 80 ◦C and 24 ◦C. As the
temperature gradually decreased, we observed an interesting
trend in the permittivity values. At the highest recorded
temperature (80 ◦C), the permittivity value of the phosphate
exhibited an increase, reaching 7.2. However, since the sample
underwent a natural cooling process for a duration of 1 h,
a noteworthy change occurred. When the temperature reached
24 ◦C, the final permittivity measurement was obtained. The
permittivity value exhibited a decrease, ultimately stabilizing
within a range of 6.03–6.35 for the real component and
0.21–1.1 for the imaginary component.

These permittivity variations are due to the fact that when
the sample is subjected to high temperatures, the motion of
the charged particles becomes more chaotic, and the dis-
tance between them decreases, resulting in an increase in
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the permittivity of the material. This increase in permittivity
is due to the increase in thermal energy of the charged
particles, causing them to vibrate more and occupy more
space, resulting in a stronger dielectric response to an electric
field. As the temperature of a sample drops, the movement
of its constituent particles slows, causing a decrease in the
permittivity of the material. This effect is more pronounced in
materials with higher polarizability, such as polar molecules.
Even when the phosphate was cooled back down to 24 ◦C,
some residual effects from the previous heating remained.
The residual effects kept the relative permittivity elevated at
6.3, even after the temperature returned to its original value.
However, it is noteworthy that the difference in complex
permittivity between these two situations (before and after
heating) remained as 1ε′=1.5 for the real part and 1ε′′

=

0.1 for the imaginary part. This phenomenon is identified as
temperature hysteresis, wherein the material retains a memory
of its previous thermal conditions. Temperature hysteresis
arises because the structural configuration and the alignment
and distribution of charged particles within the material do
not immediately revert to their initial states upon cooling.
This lag in structural response results in a persistent modifica-
tion of the material’s properties, indicating a path-dependent
behavior of permittivity [35]. To further explore this behavior,
the phosphate permittivity values were input into simulation
software to accurately represent phosphate characteristics for
each temperature value (80 ◦C, 70 ◦C, 60 ◦C, 40 ◦C, 30 ◦C,
and 24 ◦C) across the frequency range from 0.5 to 6 GHz.
We will showcase the concurrence between the simulated
response of the microwave filter-based sensor, incorporating
the Debye model, and the actual measurements obtained when
the sensor interacts with the real phosphate sample.

III. SIMULATION AND EXPERIMENTAL RESULTS

The primary aim of this section is to demonstrate the
potential of the proposed filter-based sensor in characterizing
phosphate, focusing on both simulation and measurement
to demonstrate its effectiveness. For this reason, the shift
frequency 1 f will serve as a parameter to evaluate the sensor’s
performance under varying temperature conditions, specific
to the phosphate. It is defined as the subtraction of the
sensor’s transmission response frequency at various heating
temperatures when a heated phosphate is used, denoted as
fTi , from the reference frequency ( fref), which represents the
frequency of the sensor’s transmission response when loaded
with a phosphate disk measured at room temperature (24 ◦C),
serving as a reference

1 f = fref − fTi (5)

where Ti can take the following temperatures: 80 ◦C, 70 ◦C,
60 ◦C, 40 ◦C, 30 ◦C, and 24 ◦C.

This section is divided into two parts. In Section III-A,
we will focus on the simulation of the sensor’s perfor-
mance during the loading process, utilizing the measured
dielectric permittivity of the phosphate extracted with the
coaxial probe technique under varying temperature conditions.
In Section III-B, the sensor will then evaluate the phosphate’s
dielectric characteristic as it undergoes a cooling process,

Fig. 6. Simulation setup utilizing the 3-D proposed phosphate model.

transitioning from an elevated temperature of 80 ◦C to the
ambient room temperature of 24 ◦C. The temperature of
the solid phosphate was measured by a Medisana TM A7
thermometer. To reduce the impact of environmental factors
on the collected measurements and ensure consistent operating
conditions for all data, the prepared phosphate disks were
tested at a controlled room temperature of 24 ◦C ± 1 ◦C.

A. Simulation and Analysis of the Sensor
To investigate the sensor’s capability for tracking the quality

of phosphate, the 3-D numerical model shown in Fig. 6, which
mimics the proposed microwave sensor, was used to evaluate
the complex permittivity of the phosphate placed in the sensing
area.

In this model, the phosphate is considered a dielectric mate-
rial with electrical properties, encompassing both the real and
imaginary parts of the complex permittivity values recorded at
six distinct temperatures: 80 ◦C, 70 ◦C, 60 ◦C, 40 ◦C, 30 ◦C,
and 24 ◦C. The data collected, as presented in Fig. 5, were
subsequently used in the 3-D numerical model to perform sim-
ulations using a full-wave high-frequency structure simulator
(HFSS) over a frequency range of 0.1–4 GHz. A fine mesh
with a maximum element size of 0.1 mm was employed to
ensure accuracy, with an adaptive mesh refinement process
implemented based on S21 stability (typically less than a
0.01-dB change in S21). Boundary conditions included a radi-
ation boundary applied to the outer surfaces of the simulation
domain, placed at least λ/4 away from the sensor to emulate
open space and minimize reflections. Wave ports were used
to excite the structure, with dimensions matching the feeding
transmission line to ensure proper impedance matching. The
HFSS solver settings were configured for a high-frequency
solution type, with a discrete frequency sweep.

The microwave sensor’s capability to monitor changes in the
phosphate’s electrical properties is assessed by recording the
transmission coefficient S21. This recording enables the deter-
mination of the corresponding frequency shift, denoted as 1 f ,
for each temperature state. For brevity, the S21 simulations of
the sensor are not presented here.

The obtained simulated results are presented in Table I,
which show the frequency shift (1 f ) of the three resonances
for each temperature value. Table I further illustrates that



ZAAROUR et al.: REAL-TIME CHARACTERIZATION OF PHOSPHATE POWDER WITH MICROWAVE SENSOR 27853

TABLE I
HEATING TEMPERATURE VERSUS RESONANCE FREQUENCY SHIFT

FOR EACH RESONANCE

Fig. 7. Simulated results of the resonance frequency shift at different
temperatures.

as the temperature of the phosphate progressively decreases,
the complex permittivity also decreases (see Fig. 5). Conse-
quently, the sensor’s resonances S21 gradually shift toward
the reference resonant frequency ( fref), resulting in a decrease
in 1 f .

The observed differences in the frequency shift values at
room temperature (24 ◦C) after heating are approximately 25,
16, and 2.2 MHz for the third, second, and first resonances,
respectively. A positive 1 f (in this case, 25, 16, and 2.2 MHz)
serves as a significant indication of the temperature’s impact
on the dielectric characteristics of the phosphate. This shift
in frequency is also influenced by various factors, including
intricate molecular changes and structural adjustments during
the cooling process. It reflects the dynamic and nonlinear
response of the phosphate, thereby influencing the sensor’s
resonance behavior. The simulation also demonstrates a higher
resonance frequency shift after the natural cooling process
at the third resonance, with a value of 25MHz. In addition,
the linear analysis conducted on the simulation data reveals a
strong linear fit with an R-squared value of R2

= 0.9576 (see
Fig. 7).

B. Experimental Results
To validate the simulation results and ensure accuracy in

evaluating the sensor’s response toward quality change of
phosphate for different temperatures, we adopted a thorough
experimental method, utilizing the same heating approach
as the coaxial probe technique. Our procedure unfolded as
follows.

1. Measuring the unloaded sensor’s response to establish
a baseline, ensuring the sensor is in the calibrated free
space response.

Fig. 8. (a) Experimental setup for phosphate quality monitoring and
testing the performance of the sensor with the VNA. (b) Measured
transmission response (S21) at different temperatures for the first,
second, and third resonance frequencies before heating, at various
temperatures (80 ◦C, 70 ◦C, 60 ◦C, 40 ◦C, and 30 ◦C), and after cooling
to 24 ◦C.

2. Measuring the loaded sensor’s response with an unaltered
phosphate sample before heating, at room temperature
(24 ◦C), to observe its initial interaction in a controlled
environment.

3. The solid phosphate sample was heated to 80 ◦C for
20 min in an oven to ensure uniform thermal conditions.

4. After heating, the natural cooling process began. During
this 1-h period, we started our detailed examination by
placing the phosphate sample on the sensor and taking a
measurement.

5. We repeated the measurement process six times for
different temperatures (80 ◦C, 70 ◦C, 60 ◦C, 50 ◦C, 40 ◦C,
30 ◦C, and 24 ◦C), closely observing the temperature
drops.

6. Following the cooling period at 24 ◦C room temperature,
we verified the sensor’s response against the baseline to
ensure consistency and accuracy in our findings.

This approach maintained consistency and control through-
out the experiment. The phosphate sample, with a radius of
20 mm and a thickness of 3 mm, remained positioned on
the prototype sensor throughout the cooling process. Notably,
the measurements were conducted in real time during the
cooling process to emulate online monitoring of the phosphate.
Fig. 8(a) illustrates the prototype sensor’s design tailored
specifically for analyzing the solid phosphate’s dielectric prop-
erties across a range of temperatures, including 80 ◦C, 70 ◦C,
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60 ◦C, 40 ◦C, 30 ◦C, and 24 ◦C. In order to evaluate the
effect of temperature on the phosphate, the prepared solid
sample is loaded within the sensing zone of the sensor, which
generates a high-intensity electromagnetic field. Subsequently,
the results obtained at various temperatures were compared
to the reference response of an unaltered solid phosphate
(referred to as “Before Heating at 24 ◦C”). The reference
response, denoted as fref, serves as a reference response for
comparison.

In order to accurately measure the shift frequency,
S21-parameter measurements are taken using the pico-vector
network analyzer (VNA) 108. This device offers a high-
frequency resolution of 0.03 MHz and a magnitude resolution
of 0.01 dB. The Short, Open, Load, Through (SOLT) kit is
employed to perform VNA calibration within the frequency
range of 0.1–4 GHz, with a frequency increment of 0.01 MHz.
These types of VNA are utilized for laboratory measurement
due to their high precision and capability. However, for in situ
measurements, the flexibility of using a handheld VNA such
as the Nano VNA instead of a traditional laboratory-based
VNA enhances the sensor’s applicability in field assessments.
This allows for more versatile and convenient testing sce-
narios. Fig. 8(b) shows the measured transmission coefficient
response of the proposed prototype. In this measurement,
we first recorded the transmission response of the sensor
for the reference sample of the phosphate (before heating
at 24 ◦C). The main resonance frequencies before heating
are fref1 = 0.3168 GHz, fref2 = 1.5859 GHz, and fref3 =

3.0675 GHz. These recorded reference frequencies will be
used to assess any frequency changes that occur when the
phosphate sample is subjected to varying temperature levels.

The Medisana TM A7 thermometer was used to measure
the temperature of the phosphate. The measured transmission
frequency response of the sensor for each temperature is
presented in Fig. 8(b), and the details on the variation of the
S21 response at the three resonances are depicted in Fig. 9.
By tracking the decrease in temperature of the phosphate,
high sensitivity was observed while the resonance frequen-
cies shifted back toward higher frequencies. This persistent
deviation indicates that the effects of the heating process
endure even after the temperature has been reduced. During
the cooling-down phase, although the phosphate tempera-
ture decreases to room temperature, the physical changes
induced by heating, such as molecular rearrangements and
bond formations, did not completely reverse. As a result,
the altered characteristics of the phosphate persist, impact-
ing the resonance frequencies. These frequencies, influenced
by the effective permittivity and other material properties,
did not return to their original reference values due to the
lingering effects of the heating process. After heating the
sample of phosphate and allowing it to cool down for 1 h,
it was observed that the resonance frequencies did not revert
back to the reference frequency values.

Our findings reveal that for each resonance frequency, the
frequency shift increases as the temperature rises, as depicted
in Fig. 10. After the normal cooling process of 1 h to
reach room temperature (24 ◦C), distinct frequency shifts
were observed for the three resonances. The third resonance

Fig. 9. Detailed of (a) first, (b) second, and (c) third resonances
measured transmission response at different temperatures.

Fig. 10. Measured results of the resonance frequency shift at different
temperatures for the three resonances.

displayed a higher frequency shift of 20.3 MHz, while
the second and first resonances exhibited lower shifts of
13.7 and 1 MHz, respectively. This difference in the fre-
quency shift for the three resonances can be explained using
the results presented in Fig. 3, along with consideration
of the wavelength for each resonance frequency. Higher
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Fig. 11. Time-domain results of the resonance frequency shift for the
three resonances.

frequency resonances correspond to shorter wavelengths,
enabling more precise spatial resolution and stronger interac-
tions with the phosphate. Consequently, the third resonance,
having the highest frequency and the shortest wavelength,
experiences more pronounced interactions and greater sen-
sitivity to temperature-induced changes in the phosphate’s
effective permittivity. As a result, it exhibits a larger frequency
shift compared to the second and first resonances, which
have longer wavelengths and correspondingly less pronounced
interactions with the phosphate. The resonance frequency
shifts toward the three different resonances and temperatures
were analyzed using linear regression. The obtained results
depicted in Fig. 10 demonstrate a strong correlation with a
linear fit of R2

= 0.9471 for the third resonance. In this study,
we aim to observe the effect of heating on the characteris-
tics of phosphate samples. The sensing mechanism focuses
on comparing the frequency shifts of the sensor when the
heated phosphate is cooled down to room temperature (24 ◦C)
with a reference phosphate sample that is already at 24 ◦C.
This approach ensures that our analysis captures frequency
shifts due to permanent changes in the phosphate’s properties
induced by temperature, rather than transient effects during
heating and cooling. By doing so, we avoid the impact of
temperature hysteresis on the sensor readings.

Fig. 11 illustrates the real-time frequency shift (1 f ) of
the sensor over the cooling period of 60 min, demonstrating
its dynamic response to temperature variations. The graph
shows the behavior of the first, second, and third reso-
nance frequencies alongside the temperature changes. The
first resonance exhibits a minimal frequency shift, stabilizing
at approximately 2 MHz throughout the period. The second
resonance shows a moderate frequency shift, decreasing from
around 38–16 MHz. The third resonance displays the most
substantial frequency shift, decreasing from approximately
65 to 25 MHz. Notably, the frequency shifts for all three
resonances stabilize starting from the 40-min mark. It was
found that the change in the frequency shift exhibits the
same trend as the temperature changes, indicating that the
microwave sensor is suitable for real-time quality sensing of
the phosphate within the temperature range of 24 ◦C–80 ◦C.

Moreover, to evaluate the sensor’s reproducibility, we con-
ducted measurements from three different phosphate samples,

Fig. 12. Repeatability verification of third resonance frequency shifts
(∆f 3) at various temperatures for different phosphate samples.

each heated to 80 ◦C over 20 min and then placed in the
sensitive region of the sensor. For each sample, the frequency
shift, especially for the third resonance, was carefully calcu-
lated during the subsequent cooling process over 1 h. The
obtained results are depicted in Fig. 12. The data represented
by black dots for sample 1, red dots for sample 2, and blue dots
for sample 3 exhibit high consistency, with closely clustered
groups at each temperature point, indicating high repeatability.
The linear fit, 1 f 3 = 0.67 T + 9.19, shows a predictable
relationship where 1 f increases by 0.67 MHz/◦C, starting
from 9.19 MHz. This relationship is validated by an R-squared
value of 0.9442, meaning that 94.42% of the variability in 1 f
is explained by temperature changes. The strong alignment of
data points with the model highlights the sensor’s potential
for accurate temperature monitoring in scientific and industrial
applications.

Achieving the highest accuracy in our measurements and
effectively managing potential temperature crosstalk between
the sensor and the sample during frequency shift detection
requires a thorough understanding of the calibration dynamics
of the sensor, especially when it is loaded with a heated
sample. Temperature crosstalk can significantly distort the
measurement accuracy, thereby affecting the reliability of
real-time monitoring applications.

To address this, it is recommended to perform a compre-
hensive calibration procedure that focuses on calculating the
relative error attributable to the sensor itself, after exposure
to a temperature of 80 ◦C. This approach helps in clarifying
the thermal transfer phenomena that may occur from the
heated phosphate sample to the sensor, thereby facilitating
the identification and reduction of temperature crosstalk. This
calibration strategy is crucial for enhancing the precision of
our measurements, ensuring that the shift frequency reflects
sample changes rather than measurement artifacts.

The detailed calibration procedure includes the following
steps.

1. Initial Baseline Measurement: Begin by recording the
sensor’s transmission frequency response in free space at
ambient room temperature (24 ◦C) to establish a baseline
frequency for each resonance.
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Fig. 13. Relative errors in the resonance frequency shift for the sensor
in free space for the three resonances.

2. Heating Phase: Heat the phosphate sample to 80 ◦C, and
allow it to calibrate. Place the heated sample in close
proximity to the sensor, and record the new transmission
frequency response.

3. Cooling Phase: After the measurement with the heated
sample, allow the sensor to cool down to room tempera-
ture (24 ◦C) over a period of 1 h. Record the transmission
frequency response at intervals during the cooling phase
to monitor changes.

4. Relative Error Calculation: Calculate the relative error
using the formula

Relative Error % =
fheated − fi

fi
× 100 (6)

where fheated represents the sensor’s transmission fre-
quency response at various temperatures and fi denotes
the initial frequency of the sensor’s resonance (with i
representing the resonance order: 1, 2, or 3).

5. Data Analysis and Adjustment: Analyze the relative error
data to identify any systematic errors or deviations. Use
this analysis to adjust the sensor readings, thereby com-
pensating for any temperature-induced variations.

6. Verification and Repeatability Testing: Repeat the cal-
ibration procedure with multiple samples to verify the
consistency and repeatability of the sensor’s performance
under thermal stress.

As can be seen from Fig. 13, the relative error of the sensor
displays a downward trend, indicating a decrease in error as
the sensor cools from an initially heated state of 80 ◦C. For
the first resonance, the sensor error percentage begins close to
0.5% at the highest temperature and decreases to 0% as the
sensor returns to the ambient baseline temperature of 24 ◦C.
The second and third resonances exhibit a similar pattern
of reduction, starting with error percentages around 0.25%
and 0.15% at 80 ◦C, respectively, which then declines as the
temperature decreases. This reduction in relative error to 0%
for all three resonances demonstrates that at 24 ◦C, the sensor
exhibits no thermal influence on its frequency response, indi-
cating its thermal stability under operational conditions. This
downward trend is likely due to the temperature-dependent
variations in the dielectric properties of the substrate within

the sensor, which affects the electromagnetic behavior and,
consequently, the resonance characteristics. The slight relative
errors observed in the sensor’s frequency response, due to
thermal effects, are minimal and within acceptable limits
for accurate real-time temperature monitoring. These errors,
effectively managed through calibration, do not affect the
sensor’s ability to deliver precise temperature readings of
samples.

IV. DISCUSSION

In this article, we propose a proof of concept for a novel
approach utilizing a filter-based sensor, which aims to eluci-
date the impact of temperature on the dielectric properties of
phosphate, thereby assessing its quality through the analysis
of microwave signals. We introduce a specialized filter-based
sensor, meticulously designed for the accurate monitoring of
phosphate quality under a spectrum of temperature conditions.
This sensor finds its critical application in scenarios such as
the storage and transportation of phosphate in tropical environ-
ments, where the risk of spoilage is paramount. The essence
of our methodology lies in understanding the interactions
between electromagnetic waves and materials, with a particular
emphasis on detecting shifts in dielectric properties induced by
temperature changes. These shifts are invaluable in assessing
the material’s behavior and serve as essential indicators of
quality alterations in the phosphate at different temperatures.
Furthermore, calibrating for temperature crosstalk is vital for
real-time measurement accuracy. Our strategy involved offline
measurements to establish a baseline sensor response across
a known temperature range. This approach showed minimal
sensor errors, affirming data accuracy and reliability for sam-
ple quality assessment. After establishing this assurance, our
subsequent analysis focuses on the resonance shift frequency
data presented in Fig. 7 (simulated values) and Fig. 10 (mea-
sured values). We employ the root mean square error (RMSE)
as a crucial metric to quantify the discrepancies between these
two datasets

RMSE =

√√√√1
4

∗

k∑
i=1

(
1 f i − 1 f

)
. (7)

The RMSE provides a succinct measure of the average
differences between the predicted and observed resonance
shift frequencies, offering a quantitative evaluation of our
sensor model’s accuracy. A lower RMSE suggests a closer
agreement between the simulated values and the measured
values, emphasizing the reliability of our predictive model.
The RMSE values, computed to compare simulated and mea-
sured resonance shift frequencies for the first, second, and third
resonances, are specifically 0.44, 2.2, and 3.28, respectively.

V. CONCLUSION

In conclusion, the study introduces a microwave sensor with
a double-hexagonal CSSR (DH-CSSR) for real-time monitor-
ing of phosphate quality while investigating the temperature
impact. To the best of the authors’ knowledge, this study
represents the first instance of investigating phosphate quality
in this manner. The microwave sensor is designed primarily
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to track how the dielectric properties of the phosphate are
influenced by changed temperature based on measuring the
frequency shift (1 f ). The measurements were conducted for
the three resonances of the microwave sensor, showcasing the
sensor’s notable reliability, particularly for the third resonance,
which exhibited high sensitivity with a frequency shift of
20 MHz after being heated to 80 ◦C. The primary function
of the proposed microwave sensor is to determine whether
the phosphate has been subjected to elevated temperatures
during storage and transportation, providing insight into its
quality. In addition, the study analyzed the relative error of
the sensor to avoid crosstalk and ensure that our results
are attributed mainly to the change in characteristics of the
phosphate. The results show a minimal relative error, con-
cluding that the effect is negligible. We also evaluated the
RMSE between the simulated value of 1 f for the proposed
model extracted from the coaxial probe technique and the
measured values. It shows a low RMSE of about 0.44, 2.2, and
3.28, respectively, for the first, second, and third resonance
shift frequencies. The proposed microwave sensor presents
a compelling set of advantages, including its compact size
for unobtrusive integration, high sensitivity enabling precise
detection, a streamlined manufacturing process with no fab-
rication complexities, and consistent performance for reliable
data output across various conditions. These features collec-
tively make the sensor a versatile, reliable, and cost-effective
solution in sensing technology.
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